Standard thermal analysis practices include stacking worst-case conditions including environmental heat loads, thermo-optical properties and orbital beta angles. This results in the design being driven by a few bounding thermal cases, although those cases may only represent a very small portion of the actual mission life. The NASA Goddard Space Flight Center Thermal Branch developed a procedure to predict the flight temperatures over the entire mission life, assuming a known beta angle progression, variation in the thermal environment, and a degradation rate in the coatings. This was applied to the Global Precipitation Measurement core spacecraft. In order to assess the validity of this process, this work applies the similar process to the Lunar Reconnaissance Orbiter. A flight-correlated thermal model was exercised to give predictions of the thermal performance over the mission life. These results were then compared against flight data from the first two years of the spacecraft's use. This is used to validate the process and to suggest possible improvements for future analyses. 
I. Introduction
TANDARD bounding case thermal analysis uses stacked worst-case assumptions such as environmental heat loads and coatings degradation to predict the absolute minimum and maximum temperatures expected for a component. Although this can be useful in design, it does not tell the responsible engineers how much time is spent near the limits and when that might occur. If that information were available, the engineering team would be capable of deciding whether it is worth designing for all bounding cases, or whether it is acceptable to take a risk on some cases that might only represent a small fraction of the actual mission timeline. In response to this, a lifetime thermal analysis method was developed for the Global Precipitation Measurement (GPM) mission (Peabody and Benitez, 2012) . This paper attempts to validate that approach by applying it to the Lunar Reconnaissance Orbiter (LRO) thermal analysis and compare it to flight temperature measurements.
LRO is a NASA GSFC-led mission to provide a detailed map of Earth's moon. It was launched in June of 2009 into a polar low lunar orbit (LLO), where it has been operating since. It is nadir-pointing, and performs a yaw-flip at a zero degree beta angle, allowing the thermal system to be designed for beta ranges of 0° to 90°.
II. LRO Thermal Design Overview
The LRO thermal design was heavily driven by the extreme thermal environments seen at the moon. In addition to the standard solar fluxes, the lunar surface has a very low albedo of 0.05 to 0.13. This results in a large surface IR that varies largely as a function of the distance between the nadir point and the sub-solar point. These design environments are shown in Figure 1 (Baker, 2009) . This large surface IR load drives most large radiators to the zenith surface, where they can receive direct solar loads, which in turn drives the need for radiator coatings with low solar absorptivity. Lower-power radiators were put on a permanently-shadowed side of the spacecraft, but were then made sensitive to glancing views of this large surface IR loads.
Figure 1 Lunar Thermal Environments
LRO consists of many different thermal control points, but this study is limited to a subset that represents the variety of zones available. These referenced components are shown in Figure 2 and described in Table 1 . All of the components here include both operational and survival heater circuits. 
III. Lifecycle Analysis Method
Typical bounding thermal analysis using worst-case beta angles, environmental heat sources and coating degradations is an efficient way to show minimum margins for a given design. However, it does not give a sense of the actual temperature margin expected throughout the mission, or how frequently limit violations may occur. For instance, a systems team may buy-off on a limit violation if it is only expected to occur for 2 weeks out of a 5 year mission, especially if the re-design to fix the predicted violation is deemed too costly.
The lifecycle analysis method was put together in an attempt to solve this problem for the Global Precipitation Measurement (GPM) mission (Peabody and Benitez, 2012) . In this process, the thermal model was run with all possible combinations of input variables:
• Thermal-optical coatings degradation (EOL and BOL)
• Thermal environments (hot and cold)
• Beta angle (0°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, 80° and 90°) The resulting 40 thermal cases were then loaded into a spreadsheet and linearly interpolated into a 3-dimensional solution space for those variables. The predicted mission profile of days since launch, day of year and beta angle was then loaded into the database as a reference point.
The mission profile was converted into environmental inputs using the following assumptions. The predicted beta angle does not require any translation in order to be used in this lifecycle analysis method.
1. The thermal-optical properties degrade in a linear manner over the course of the designed mission life. 2. The environment varies linearly with respect to the distance to the sun, with hot environments occurring at perihelion and cold environments at apohelion. This means that environments vary in a sinusoidal manner versus the day of the year, with the hottest environment on January 3 rd and the coldest on July 4 th .
Once the state of the coatings degradation, the thermal environment and the beta angle are known for each point in time, the linear interpolation can be carried out in a staged fashion: first on beta angle, then thermal environment, and finally on coatings degradation. The order of these operations does not matter, but it was determined that interpolating on beta angle reduced the number of calculations since beta angle has 10 points, only 2 of which are applicable for each case. This allows 80% of the data points to be ignored in the interpolations. An example calculation in shown in Figure 3 . For the sake of simplicity, BOL coatings are given a value of 0 and EOL coatings are given a value of 1; likewise cold environments are also given a value of 0 and hot environments are 1.
Figure 3. Sample Interpolation for a Given Set of Inputs
This method was applied to the GPM thermal model to give predicted margins on each major component throughout the mission. However, the process was never validated against a project with existing flight data. The following sections will show the results of this process for the LRO thermal model and will show its comparison against flight telemetry.
IV. LRO Mission Life Predictions -Trend Investigations
Prior to running the full mission life predictions for the LRO model, some exploratory runs were completed to determine if the planned interpolation would be sufficient to replicate the full solution space. In order to determine this for the coatings degradation, the BOL and EOL cases were run and averaged, which gives the linear interpolation of a half-life properties. This was compared against a separate run using optical properties that were half-way between the BOL and EOL values. The error between the real analysis and the interpolated value averaged 0.1°C, with the worst error on the ITP (0.4°C). It was determined that these errors were small enough to allow linear interpolation on the optical property degradation.
A similar study was done with the hot case environments, cold case environments, and a set of environments half-way between the two extremes. In this case, the error between the direct solution and the interpolated value was an average of 0.3°C, with the worst errors on the LOLA MEB (0.8°C). Again, it was determined that the error was acceptable to allow interpolation on the environment.
Finally, the different beta angles investigated were analyzed to see if they could be fit with a standard 3, 4, or 5 term polynomial to reduce the number of cases that had to be run, since each beta angle eliminated would reduce the total number of SINDA runs by 4. However, the different components each exhibited different shaped beta-versustemperature curves, as exhibited in the ITP and ST plots in Figure 4 . These shapes are affected by both geometry (shadowing, reflections, etc) and the presence of heaters. A linear interpolation of every 20 degrees of beta angle instead of every 10 yielded errors up to 2.8°C, which was determined to be unacceptable. Based on this, it was determined to stay with the baseline of every 10 degrees of beta angle. 
V. LRO Mission Life Predictions -Baseline Assumptions
The LRO operations team provided a data set consisting of the date and beta angle for the first 536 days of the orbiter's mission, which was input into the analysis database. This was used to calculate a predicted orbit-maximum temperature for each component each day, which was then plotted against the actual measured telemetry. All of these components had been correlated to within 2°C of observed temperatures during observatory thermal balance testing, so errors could be at least that large even if the methodology and assumptions are perfect.
The resulting predictions are plotted against the flight data and the bounding hot prediction for each of the six components, and the error between the prediction and flight data, in Figures 5-10 . For ease of comparison, a 5-day moving average line has been added to the error plots. Note that there are occasional short-term temperature changes that reflect non-standard operations, such as the lunar eclipse pre-heat on the ITP around day 450 or instrument turnoff events around day 150. Errors during these events can be ignored since they do not reflect on the model's capability. 
Figure 10. CRaTER Temperature Predictions and Error Versus Flight
Based on these plots, multiple conclusions can be reached:
1. The ITP, HGAS, LOLA and CRaTER flight temperatures are all very noisy, indicating that there is some short-term transient influencing the temperature that is not covered in this analysis. For the ITP, this is likely fluctuations in the total avionics power. Electronics power dissipations can vary depending on the state of the spacecraft and what tasks are being performed, and this is not captured in the thermal model. For the HGAS, it is likely different antenna orientations not captured in the GMM. 2. The ITP and CRaTER temperature predictions are almost constantly above the flight measured temperature, and this error is higher at higher beta angles (day 200 and 400) when the radiators flash directly through the sun. This indicates that the solar loading on the OSR radiators is lower than predicted, either due to a lower solar flux or a lower OSR absorptivity or both. This can be seen in Figure 11 , which shows the flight temperatures of the ITP and CRaTER closely matching the cold environment, BOL coatings case when plotted against beta angle. A similar trend can be seen for LOLA, LROC and ST, but they are less severe because they see less solar loading. 3. The HGAS actuators are continuously operating on their heater, which turns off at 22°C, with small warm excursions due to unmodeled sun views. That essentially makes the HGAS actuators useless in validating this analysis approach. 4. All flight temperatures seem to be repeatable over the entire 536 days. Since all parameters are repeating except for the coatings degradation, this suggests that the coatings themselves are remaining stable. 5. Most flight data is at least 10°C below the bounding hot-case prediction, indicating that the thermal model has effectively bounded the flight data without adding modeling uncertainty. The only exception to this is the HGAS actuator. This is reflected in previous work (Garrison, 2011) . 6. None of the lifecycle thermal analysis predictions shown in Figures 5-10 actually reached the bounding thermal analysis predictions. All of these components (except for the HGAS) had their hottest bounding predictions in a 0 degree beta angle orbit. The bounding cases also assumed EOL coating degradations and the hottest environmental heat loads. However, as Figure 12 shows, these cases never occurred. This means that the entire thermal system was sized for a case that the spacecraft has not seen, although it is a possible combination that may eventually arise beyond the planned 1-year mission life. Likewise, although it is not discussed here, the worst-case cold conditions (90 degree beta angle, BOL optical properties and cold environments) also never occurs. 
VI. LRO Mission Life Predictions -Updated Assumptions
Based on the conclusions discussed in the previous section, some of the parameters in the lifecycle analysis were adjusted and the results were re-calculated. Based on conclusion 2, the coatings were set to always be in a BOL condition. However, further gains were realized by keeping the environments constant as shown in Table 2 . Constant environmental heat loads can be justified because the dominant sources are solar and lunar IR, which is directly solved from the solar loading. Solar intensity varies by ~1% between perihelion and apohelion, which does not justify the 10% variation used in the baseline analysis cases. Instead, we are suggesting a constant solar load of 1315 W/m 2 , which works out to a value 25% of the way from the cold value to the hot value. This shows that the vast majority of the gains in accuracy can be gained by assuming that the optical properties have not degraded over the 536 days of the mission, especially on the OSR radiators (ITP and CRaTER). Controlling the environment reduces the error by an additional 0-10% beyond the gains from the optical property conclusion. 
VII. Conclusions
The work presented in this paper shows that lifecycle thermal analysis method developed for the GPM project can accurately predict the temperatures over a spacecraft's mission lifetime when appropriate assumptions are made. However, this is an expensive analysis. In order to set up and run all of the analysis, including radiation couplings, heat rates, SINDA and post-processing, it took approximately 4 full days of analyst time and 2 weeks of computation on a mobile workstation. However, as cluster computing becomes more prevalent, thermal software becomes more parameterized, and the process is more frequently preformed, the expected man-in-the-loop hours could be reduced considerably. At this point it time, it is not a good design tool for frequent use, but can be used sparingly to provide more in-depth temperature predictions as part of a major design cycle.
It is also possible to draw some conclusions about the LRO thermal analysis based on the comparisons shown here. It appears that the coatings did not degrade at all over the first 536 days of the LRO mission. Also, the environmental heat loads did not appear to be as severe as was predicted. Both of these incorrect assumptions have led to LRO being over-designed.
Finally, it is evident that the stacked worst-case conditions for LRO never actually existed, despite that being the driving design case. It is recommended that future missions run a similar analysis early in their design cycle, preferably before their preliminary design reviews, to verify that their worst cases are actually expected to occur.
